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We investigate a hybrid electro-mechanical system consisting of a pair of charged macroscopic
mechanical oscillators coupled to a small ensemble of Rydberg atoms. The resonant dipole-dipole
coupling between an internal atomic Rydberg transition and the mechanics allows cooling to its
motional ground state with a single atom despite the considerable mass imbalance between the two
subsystems. We show that the rich electronic spectrum of Rydberg atoms, combined with their high
degree of optical control, paves the way towards implementing various quantum-control protocol for
the mechanical oscillators.
PACS numbers: 07.10.Cm,32.80.Rm,42.50.Wk
Hybrid quantum systems are attracting increasing at-
tention as fundamental building blocks for applications
requiring the manipulation of quantum states, such as
e.g. quantum information science and quantum metrol-
ogy [1–3]. These systems come in many variations,
including, e.g., ultracold atoms coupled to photons in
high-Q optical cavities or in optical lattices, supercon-
ducting qubits coupled to microwave fields, NV centers
coupled to photonic-crystal cavities, single atoms, artifi-
cial atoms, or photons coupled to mechanical oscillators,
and many more. In this context, Rydberg atoms have
been proposed to realize quantum interfaces with super-
conducting qubits or as a direct means to manipulate
the spatio-temporal properties of photons[4–9]. How-
ever, the realization of strong and scalable interactions
in free space presents a formidable task. A promising
technology to overcome this obstacle is offered by quan-
tum interfaces based on electro-mechanical and magneto-
mechanical forces that can result in strong coupling in
free space ,without the need for cavity mediated enhance-
ment of the interaction [10–14].
The rapid developments in quantum optomechanics
provides attractive possibilities to tackle this challenge,
by allowing to couple microscopic to macroscopic systems
operating deep in the quantum regime [15–21]. Here we
propose a scheme that exploits the remarkable properties
of Rydberg atoms to dipole-couple one or more macro-
scopic mechanical oscillators to a small atomic ensemble
in free space.
The strong electric dipole-dipole coupling between the
Rydberg atom and the mechanics offers a number of dis-
tinct advantages [22]. First, it allows to implement a re-
cycling scheme to cool the mechanics with a single atom,
despite the large mass imbalance between the two sub-
systems. Second, it is possible to select Rydberg transi-
tions such that the frequencies of the atomic transition
and the mechanics are either perfectly matched, or ad-
justed precisely to enhance or inhibit specific aspects of
the electro-mechanical coupling. Third, Rydberg level
lifetimes are very long, allowing to operate in a regime
where dissipation is negligible, thus enabling the coher-
ent manipulation of the quantum state of the mechanics.
Finally, using Rydberg-blockade interactions allows one
to enhance the atom-photon cross-section. This makes
it feasible to extend these properties to the single pho-
ton regime, realizing and ideal interface between single
photons and single phonons. To illustrate these features
we show how to generate large Fock states and number
superposition states of a cantilever, as well as entangled
states of a pair of oscillators.
The system – To set the stage we consider a hybrid
system composed of two electrically charged tuning fork-
shaped cantilevers coupled to a single Rydberg atom,
see Fig. 1. Electric charges ±Q separated by an oscil-
lating distance d(t) are located at the opposite tips of
the cantilevers, and the atom is trapped in its motional
ground state. The trap, with characteristic size atr lo-
cated at a distance R half-way between the cantilevers,
with R  (atr, d) and we assume that it operates in the
Lamb-Dicke regime. In this limit its position is fixed on
the time scales considered in this work and recoil effects
are negligible. Furthermore we assume that it can also
trap the atom when excited in the Rydberg states of in-
terest [23]. This system is described by the Hamiltonian
H = Hc +Hat + V +Hloss. (1)
Here
Hc =
∑
`=1,2
~ω`bˆ†` bˆ` (2)
accounts for the free evolution of the quantized mode of
motion of the mechanical oscillator ` of frequency ω`,
with bosonic phonon annihilation and creation operators
bˆ` and bˆ
†
`,
Hat = H0 +Htr +Hext (3)
where H0 describes the relevant electronic energy levels
of the atom, Htr its trapping potential, and Hext its in-
teraction with one or more optical and microwave fields,
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FIG. 1. (Colors online). a) Geometry of the atom-double
cantilever system. b) Structure of the charged cantilever cou-
pled to the blockaded ensemble containing a Rydberg ellip-
tical excitation. c) Atomic energy levels and external fields
for ground state cooling of mechanical resonator. d) Atomic
energy levels and external fields for engineering of mechan-
ical quantum state. e) Atomic structure to generate highly
entangled cantilever state.
depending on the specific application being considered.
Hloss accounts for dissipation and decoherence due to
coupling to external reservoirs, and V describes the in-
teraction between the atom and the mechanics. It can be
decomposed into two contributions, V =
∑
` V`,at + V12,
` = {1, 2}, where the first term accounts for the electric
dipole coupling between the cantilever and the atom
V`,at = −
∑
`
E`(t) · µat, (4)
with E`(t) the electric field generated by cantilever ` at
the location of the atom and µat the dipole moment of
the atomic transition under consideration [24]. The third
term V12, capturing the cantilever-cantilever coupling, is
negligible, as briefly discussed later on.
The dominant contribution to E`(t) is the dipole term,
proportional to µ` = Qd`. For cantilevers aligned along
the z-axis and located at z`  d from the atomic trap
center we have [25]
E` =
1
4pi0
Q
z3`
[
µ` − 3
z`(z` · µ`)
z2`
]
. (5)
The static part of the potential (4) mixes opposite-
parity states while preserving the total angular momen-
tum along the direction connecting the two dipoles. To
cancel the static field acting on the atom, we choose the
geometry of Fig. 1a, where the two cantilevers have oppo-
site dipoles, thus preserving the atomic non-interacting
energy level structure. (We may still allow for a small
imbalance in charge between the cantilevers in order to
choose a polarization axis for the atomic dipole.)
The time-dependent part of the electric field, resulting
from the oscillatory motion of the cantilevers, drives the
atomic Rydberg transition. Assuming the displacement
to be aligned with the x-axis we have d`(t) = d` + xˆ`(t).
In terms of phononic annihilation and creation operators
xˆ` = xzp,`(bˆ` + bˆ
†
`) where xzp,` =
√
~/(2meff,`ω`) is the
zero point motion of the resonator mode with effective
mass meff,` and frequency ω`.
In the following we assume that the cantilever fre-
quency ω` is resonant with a single dipole-allowed Ry-
dberg |s〉 − |p〉 transition, and that all other transitions
can be neglected. To first order in (xzp,`/d), the atom-
cantilever coupling reduces then to
V`,at = ~G`
(
b` + bˆ
†
`
)
(σˆsp + σˆps) , (6)
where ~G` = Qxzp,`µsp/(4pi0R3) with µsp being the
dipole matrix element of the |s〉 − |p〉 transition, and
σˆab = |a〉 〈b|. Within the rotating-wave approximation
(RWA) Eq. (6) reduces to the Jaynes-Cummings interac-
tion. Note that by tuning the charge on the cantilever,
it is feasible to enter the ultra-strong coupling regime
G`  ω` in which case the RWA breaks down and we
have to solve the full Rabi model. This regime could
be used to study, e.g., spontaneous phonon generation
from vacuum in analogy with the dynamical Casimir ef-
fect [26].
Returning to the cantilever-cantilever coupling V12 we
have
V12 =
Q2
4pi0
1
8R3
[
d2 + dxzp,1(bˆ1 + bˆ
†
1) + dxzp,2(bˆ2 + bˆ
†
2)
+xzp,1xzp,2(bˆ1 + bˆ
†
1)(bˆ2 + bˆ
†
2)
]
. (7)
The term proportional to d2 is a global energy shift, the
second and third terms may be absorbed in the defini-
tion of the displacements and the phonon exchange be-
tween the cantilevers is negligible compared to the atom-
cantilever interaction and will be ignored in the following
[27].
We can extend these results to the case of a small
ensemble of N ∼ 100 trapped atoms, in which case
the atomic Hamiltonian becomes Hat →
∑
j Hat,j +∑
j>k Vjk, where the inter-atomic coupling Vjk can ac-
count either for non-resonant Van der Waals interactions,
∼ 1/r6jk, where rjk is the distance between atoms j and
k, or Fo¨rster processes, ∼ 1/r3jk [22, 28]. If all atoms
are initially in their ground electronic state |g〉 and we
operate in Rydberg-blockade regime, ~ΩL,R  (Cα/rαjl),
∀{j, l}, α = {3, 6}, [29, 30] we can describe the atomic
ensemble as a “super-atom” whose states are collective
excitations (spin waves) of the form
|Ψa〉 = 1√
N
N∑
j=1
eikΨ·rj σˆjag |G〉 . (8)
3Here a labels the relevant excited electronic state and
the many-body ground state |G〉 = |g1 . . . gN 〉 denotes
the collective ground state. We note that in this case the
optical coupling of|G〉 to some excited electronic state
is enhanced by a factor
√
N , see e.g. [31]. In the limit
kΨatr  1 the super-atom can then be treated as a single
atom with effectively larger atom-photon cross-section,
enabling a strong interaction with single photons [32].
With recent progress in the nanofabrication of can-
tilevers from single-crystal diamond, mechanical oscilla-
tors of very small size and large stiffness have become
available [33, 34]. For a clamped beam of dimensions
(l, w, t) = (0.5, 0.05, 0.05)µm, with a Young’s modulus
E = 1000 GPa and a density ρ = 3 × 10−3 Kg·cm−3,
we obtain ω`/2pi = 3.516 (t/l
2)
√
E/(12ρ) = 578 MHz
[35], meff = 1.9 × 10−18Kg, and xzp = 1.7 × 10−13
m = 1.1 × 10−3a0, where a0 is the Bohr radius. For
the atomic system, consider a rather generic |p〉 =
|180, p, 3/2〉 ↔ |s〉 = |180, s, 1/2〉 Rydberg transition in
87Rb, with transition frequency ω/2pi = 578 MHz and
dipole moment µat ≈ 35250 ea0 [36]. For these parame-
ters, a single charge on the cantilevers and R = 5µm re-
sults in G`/2pi = e xzp,`µat/(4pi0R3h) = 314 Hz, a value
increased to about 1 MHz for Q ∼ 3 · 103 e.
The dominant decay and decoherence mechanisms are
the radiative decay of the atom, with a typical radiative
linewidth of the order of Γs,p/2pi ∼ 10 KHz for Ryd-
berg atoms with principal quantum number n ≈ 100,
and scaling as n−3. For the mechanics, quality fac-
tors of order Q ≈ 106 are achievable, corresponding to
Γm/2pi = 578 Hz. The heating rate of the mechani-
cal oscillator is independent of the mechanical frequency,
Γm,T = kBT/(~Q) = 2 KHz for T = 100 mK.
Applications – In the remainder of this paper we dis-
cuss potential applications of this hybrid system, consid-
ering first cantilever cooling, and then several examples
of quantum engineering of specific phononic states.
For cantilever cooling we consider the 4-level subsys-
tem of Fig. 1c, with the atom interacting resonantly with
cantilever 1, i.e. ω1 = ωsp 6= ω2, while the interaction
with cantilever 2 is off-resonant and can be neglected.
The (super-)atom is driven by two classical laser fields of
Rabi frequencies Ωi, frequencies ωi and wave vectors ki,
i = {R,L}, see Fig. 1c, so that
Hext =
1
2~
[
ΩLσˆgpe
i(ωLt−kL·r) + ΩRσˆesei(ωRt−kR·r) + h.c.
]
.
(9)
We concentrate on the realistic situation ΩL,ΩR,Γe 
G1, and neglect the radiative decay of the Rydberg-
transition. This leads to a separation of time scales al-
lowing us to describe the dynamical effects of Hext and
V`,at separately.
Intuitively, the cooling process can then be understood
as follows: For atoms initially in the ground state |g〉 the
resonant driving field ΩL nearly saturates the |g〉 − |p〉
transition, resulting in 〈σˆgg〉 = 〈σˆpp〉 ≈ 1/2, while the
populations of the other atomic states remains negligi-
ble. The weak coupling G1 between the cantilever and
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FIG. 2. Cooling of the mechanical motion via atomic dissipa-
tion for G/2pi = 1MHz (solid line) and G/2pi = 2MHz (dashed
and dot-dashed lines). We plot the population of the mechan-
ical ground state for ΩL = ΩR = 2pi×10 MHz and Γe/2pi = 5
MHz. The initial temperature is T = 0.1 K (solid and dashed
lines) and the final effective temperatures are Teff = 0.016
K (solid) and Teff = 0.011 K (dashed). For the dot-dashed
line: T = 0.2 K and Teff = 0.013 K. The cantilever frequency
corresponds to Tosc = ~ω`/kB = 0.028 K.
the excited Rydberg states then induces transitions from
level |p〉 to |s〉, with absorption of a phonon, at which
point the strong field ΩR induces a rapid transition down
to level |e〉, preventing the transfer of energy back to the
cantilever. Spontaneous decay from level |e〉 to |g〉 fi-
nally resets the system and initiates the next cycle in the
cooling process.
Assuming that the atomic populations remain in quasi
steady state, one can estimate the effective damping
rate of the cantilever phonon population to be of order
G21/ΩL  γm. This indicates that the cantilever mode
may be cooled to its ground state via interaction with
even a single Rydberg atom. This is confirmed by a direct
numerical solution of the associated master equation [37],
as illustrated in Fig. 2 [38].
Once the cantilever is in its ground state, coupling to a
Rydberg atom can be used to generate arbitrary phonon
Fock states. A convenient way to achieve this uses the
three-level scheme of Fig. 1d and an interaction of the
form
Hext =
1
2~
[
ΩL(t)σˆgpe
i(ωLt−kL·r) + ΩR(t)σˆgsei(ωRt−kR·r)
+ Ωµ(t)σˆspe
i(ωµt−kµ·r) + h.c.
]
, (10)
where the optical fields are now time-dependent pulses,
and we have added an additional coupling to a microwave
field for future use.
Starting from the atom in its ground electronic state
|g〉 and the mechanics cooled to |m = 0〉, a possible pro-
tocol to prepare an arbitrary phononic Fock state goes
as follows: First, excite the atom to the state |p〉 with
a fast pi-pulse ΩL(t). The state |p,m = 0〉 is then reso-
nantly coupled to |s,m = 1〉 via the dipole-dipole inter-
action G1, resulting in a perfect exchange of excitation
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FIG. 3. (Colors online). a) Generation of a Fock state on
the cantilever corresponding to |ψF 〉 = |g, 4〉. We show the
evolution of the populations of the different phonon number
states |g,m〉 (blue: m = 0, red: m = 1, green: m = 2, black:
m = 3, magenta: m = 4). For the external fields we use
square pulses, ΩL/2pi = ΩR/2pi = 6 MHz, while G/2pi = 150
KHz is constant in time. b) Generation of the mechanical
superposition state |ψS〉 = (|g, 0〉 − |g, 2〉)/
√
2. We use mi-
crowave square pulses with Ωµ/2pi = 6 MHz. The colors cor-
respond to the different phonon number states as in a), while
the line-styles correspond to a specific atomic level: solid =
|g〉, dashed = |s〉, dot-dashed = |p〉. The fidelity of the process
is F = |〈ψf |ψS〉|2 = 0.94. Dissipation: atomic states lifetimes
are Γs/2pi = Γp/2pi = 2 KHz, and mechanical damping rate
is Γm/2pi = 600 Hz (T = 0).
(neglecting dissipation) between the qubit {|s〉, |p〉} and
the cantilever after an interaction time τR = pi/G1. Fi-
nally, the resulting Rydberg state |p〉 is coupled back to
|g〉 by a fast pi-pulse ΩR. By repeating that cycle it is
possible to create an arbitrary Fock state |m〉, provided
that its creation time is short compared to the inverse
mechanical damping rate.
The coupling between the states |p,m〉 and |s,m+ 1〉
scales as
√
m+ 1. For (ΩL,ΩR)  G1
√
m+ 1, satisfied
even for large m using the above parameters, the total
time required for the creation of an m-phonon Fock state
is therefore approximately τm =
∑m
j=1(τR/
√
j).
Introducing a microwave field of Rabi frequency Ωµ(t)
in addition to the pair of optical fields permits to prepare
more complex superpositions of phononic Fock states,
following the protocol originally proposed by Law and
Eberly [39]. In one such example, the initial excitation
of the atom to the |p〉 state via a pi-pulse ΩL(t) is fol-
lowed by a partial transfer of excitation from the atom
to the cantilever in a time pi/(2G1), resulting in the super-
position [i(|p, 0〉+ i |s, 1〉)/√2]. A subsequent microwave
pi-pulse exchanges the atomic population in the Rydberg
states to [(− |s, 0〉 − i |p, 1〉)/√2]. Within the RWA the
state |s, 0〉 is not coupled to the cantilever and we ob-
serve an excitation transfer from the electronic state |p〉
to the cantilever in time pi/(
√
2G1). The resulting state
is (−1/√2)(|s, 0〉 − |s, 2〉). Finally the atom is brought
back to its ground state via a pi-pulse ΩR(t). Note that
for the protocol to work, it is important to have Ωµ  G1.
This is necessary in order to avoid having to turn off the
resonant dipole-dipole coupling while performing the mi-
crowave transition.
Figure 3 shows the result of a full numerical simula-
tion of these 2 protocols, including mechanical damping
and spontaneous emission. At low phonon occupation
dissipation is mainly due to the atomic decay, with losses
of order Γs,ppi/(
√
mG1). As the number of phonon in-
creases, though, mechanical dissipation starts to domi-
nate, as clearly apparent in subsequent cycle of the Fock
state generation, see Fig. 3a. For the parameters of the
simulations both target states are generated in a few mi-
croseconds.
So far, the second cantilever was merely used to bal-
ance out the dc component of the electric dipole-dipole
interaction. However, it can be used to generate entan-
gled cantilever states [40]. Typically, though, the prepa-
ration of more complex quantum states requires increas-
ingly complicated multilevel atomic schemes. We dis-
cuss one example, using the five-level atomic scheme of
Fig. 1e, which permits the generation of a NOON state
with N = 2. Here ωp1s = ω1 and ωp2s = ω2. In this case
the couplings from |g〉 to |p1〉 and |p2〉 are provided by
two-photon processes that combine ΩL and respectively
Ω1 and Ω2. In the first step of the protocol we assume
Ω1 = Ω2 and generate the state (|0, p1, 0〉+|0, p2, 0〉)/
√
2.
This state is then transferred to the state [(|1, s, 0〉 +
|0, s, 1〉)/√2] via the atom-cantilever interaction. Subse-
quent dissipation brings the atoms back to the ground
state resulting in the state (|0, g, 1〉 + |1, g, 0〉)/√2. In
the second step, the phase of one of the coupling lasers is
inverted, giving, e.g. Ω1 = −Ω2. This generates the state
(|1, p1, 0〉−|1, p2, 0〉+|0, p1, 1〉−|0, p2, 1〉)/2, which is cou-
pled via V1,at + V2,at to the state (|2, s, 0〉 − |0, s, 2〉)/
√
2.
After transferring the atom back to the ground state we
obtain our target state.
In conclusion, we have analyzed a hybrid system that
couples a microscopic system consisting of one Rydberg
atom to a pair of charged macroscopic cantilevers. We
have derived the resonant dipole-dipole coupling between
these systems, and found that it can be quite significant,
in the MHz range. The experimental requirements to re-
alize this system are within, or close to, presently avail-
able technology. We have proposed a scheme to achieve
ground state cooling of the cantilevers, and discussed ex-
amples of quantum state engineering protocols that ex-
ploit the combined advantages of this coupling and the
excellent coherent control over atomic systems. The spu-
rious effects of dissipation and decoherence are kept man-
ageable due to the long lifetime of Rydberg states and the
availability of mechanical oscillators with high Q factor.
In the future, we plan to investigate possible schemes
to realize quantum state tomography and to exploit the
blockade effect to propose a high efficiency single-photon
to single-phonon transducer.
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6Appendix A: Supplemental Material
1. Rydberg Trapping and Blockade
The execution of the proposed quantum protocols re-
quire the atom to be in the Rydberg level for some time.
Rydberg states exhibit a negative polarizability as op-
posed to atomic ground states and hence require a dif-
ferent trap. For applications that involve single atoms or
that are fast compared to the motional broadening of an
ensemble, the trap is simply switched off during the Ry-
dberg excitation and the atoms are trapped again once
they go back to the ground state. Recently, different
techniques have been proposed and implemented to trap
the Rydberg excited levels as well as the ground state
[41–43]. The trapping lifetime already achieved in exper-
iments allows the realization of the protocols discussed
in the main text.
In the main text we discuss the cases of single atom and
atomic cloud (super-atom) together. In fact, Rydberg
blockade of multiple excitation in the case of an ensem-
ble permits to eliminate all the collective states that are
far detuned due to strong many-body interactions [28].
We stress that although equivalent in this problem, sin-
gle atom and super-atom present a different microscopic
structure, which becomes relevant in other applications.
For example, the collective nature of the blockade effect
is crucial in dissipative effects, such as collective dephas-
ing [44, 45], super radiant decay [46, 47], and steady state
of strongly driven ensembles [48].
2. Relative strength of dipole couplings
The dynamical effect arising from V12 in the main text
is the exchange of phonons between the two cantilevers
with rate
~G12 = Q
2xzp,1xzp,2
32pi0R3
. (A1)
If ω1 = ω2, this resonant effect competes with the atom-
cantilever couplings and the relative strength is
G12
G1 =
1
8
Qxzp,1
µsp
. (A2)
We can estimate µsp ∼ n2ea0 where n is the principal
quantum number of the Rydberg levels, e is the elemen-
tary charge and a0 the Bohr radius. In general xzp  a0
and Q n2e, thus this term is suppressed on the inter-
action time we are interested in. For the non-resonant
case ω1 6= ω2, it is further suppressed proportionally to
the energy detuning ω12 = ω1 − ω2.
3. Master equation for cantilever cooling
In order to simulate the cooling of the cantilever via the
coupling with the Rydberg excitation we use the master
equation
∂ρ
∂t
=
i
~
[H, ρ] + L(ρ), (A3)
where ρ is the density matrix of the system, H = Hc +
Hat+V is the Hamiltonian for the atom-cantilever system
(see main text) and the Linblad operator for the density
matrix is given by:
L/~ =Γe
2
(2σgeρσeg − σeeρ− ρσee)
+
γm
2
(nth + 1)(2bρb
† − b†bρ− ρb†b)
+
γm
2
nth(2b
†ρb− bb†ρ− ρbb†). (A4)
Here
nth =
1
e
~ωm
KBT − 1
, (A5)
is the average thermal occupation of the cantilever at
temperature T . The final effective temperature Teff
is determined from the steady state population of the
phononic ground state,
P0 = 1− e−
~ωm
KBTeff . (A6)
A simple way to estimate the cooling rate is based on the
resonant coherent coupling of the three levels |g〉, |p〉 and
|s〉. For ΩL  G, the population are: 〈σgg〉 = 〈σpp〉 ∼
1/2 and 〈σss〉 ∼ G2/Ω2L. The populations oscillate with
frequency Ω =
√G2 + Ω2L ∼ ΩL. If ΩR  G, we may as-
sume that every time we populate the level |s〉 the atom is
quickly transferred into the ground state and a phonon is
subtracted from the cantilever. It is thus straightforward
to obtain the cooling rate: Γat ∼ G2/ΩL.
